Our innate immune system distinguishes microbes from self by detecting conserved pathogen-associated molecular patterns 1 . However, these are produced by all microbes, regardless of their pathogenic potential. To distinguish virulent microbes from those with lower disease-causing potential the innate immune system detects conserved pathogen-induced processes 2 , such as the presence of microbial products in the host cytosol, by mechanisms that are not fully resolved. Here we show that NOD1 senses cytosolic microbial products by monitoring the activation state of small Rho GTPases. Activation of RAC1 and CDC42 by bacterial delivery or ectopic expression of SopE, a virulence factor of the enteric pathogen Salmonella, triggered the NOD1 signalling pathway, with consequent RIP2 (also known as RIPK2)-mediated induction of NF-kB-dependent inflammatory responses. Similarly, activation of the NOD1 signalling pathway by peptidoglycan required RAC1 activity. Furthermore, constitutively active forms of RAC1, CDC42 and RHOA activated the NOD1 signalling pathway. Our data identify the activation of small Rho GTPases as a pathogeninduced process sensed through the NOD1 signalling pathway.
One process that marks pathogens for recognition by the host is the delivery of microbial molecules into the host cell cytosol 2 (Supplementary Fig. 1 ). For example, the enteric pathogen Salmonella enterica serovar Typhimurium (hereafter termed S. typhimurium) uses a type III secretion system (T3SS-1) encoded by Salmonella pathogenicity island (SPI) 1 to deliver proteins, termed effectors, into epithelial cells 3, 4 . S. typhimurium elicits proinflammatory responses by translocating four T3SS-1 effector proteins, termed SipA, SopE, SopB and SopE2 (refs 5-8) . To investigate the mechanism of T3SS-1-dependent NF-kB activation reported previously [7] [8] [9] , we used human cells transfected with a NF-kB luciferase reporter construct. A S. typhimurium mutant lacking the proinflammatory effector proteins (sipA sopE sopB sopE2 mutant) was deficient for NF-kB activation in epithelial HeLa cells (P , 0.05; Supplementary Fig. 2a ). Inactivation of proinflammatory effector genes resulted in a partial inhibition of NF-kB activation in HEK293 cells, presumably because endogenous TLR5 expression renders HEK293 cells responsive to stimulation with flagellin (Supplementary Fig. 2b) [10] [11] [12] . Compared to a mutant lacking all four proinflammatory effector proteins, NF-kB activation was significantly enhanced after infecting host cells with a mutant expressing SopE (sipA sopB sopE2 mutant) (P , 0.05; Supplementary Fig. 2a, b ). Cytosolic localization of SopE in the absence of the other bacterial proteins is sufficient for inducing NF-kB activation 5 , as illustrated by ectopic expression of a green fluorescent protein (GFP)-SopE fusion protein in HEK293 cells ( Supplementary Fig. 2c ).
In the host cell cytosol, SopE activates RAC1 and CDC42 by serving as a nucleotide-exchange factor that facilitates the transition of the small Rho GTPases from an inactive GDP-bound state to an active GTP-bound state 5 . Transfection of HEK293 cells with plasmids encoding dominant-negative forms of CDC42 (CDC42(DN)) or RAC1 (RAC1(DN)) 13 inhibited NF-kB activation elicited by ectopic expression of SopE (P , 0.05; Supplementary Fig. 2d , e), which was consistent with previous reports 5 . By contrast, no significant inhibition was observed when HEK293 cells were transfected with a plasmid encoding a dominant-negative form of the small Rho GTPase RHOA (RHOA(DN)). A G168A amino acid substitution in SopE (SopE (G168A)) is known to abrogate its nucleotide-exchange factor activity for RAC1 and CDC42 (ref. 14) . Transfection of HEK293 cells with a plasmid encoding GFP-SopE(G168A) no longer resulted in NF-kB activation ( Supplementary Fig. 2f ). Collectively, these observations raised the possibility that activation of RAC1 and CDC42 might be a pathogen-induced process detected by host cells as a pattern of pathogenesis 15 . However, the identity of the host's pattern-recognition receptor (PRR) that activates NF-kB when it detects this pattern of pathogenesis remained elusive.
The induction of T3SS-1-dependent inflammatory responses during S. typhimurium colitis is largely MYD88-independent 16 . One MYD88-independent mechanism by which S. typhimurium induces NF-kB activation is through the induction of NOD1 and NOD2, two cytosolic PRRs that sense cell wall fragments 12, 17, 18 . NOD1 and NOD2 interact with the protein kinase RIP2 to mediate NF-kB activation 19, 20 . Remarkably, treatment of HEK293 cells with SB203580, a pyridinyl imidazole inhibitor of RIP2 activity ( Supplementary Fig. 2g ) 21 , significantly reduced NF-kB activation elicited by bacterial delivery of SopE (that is, infection with a sipA sopB sopE2 mutant) (P , 0.05; Fig. 1a ). In this model, no SopE-independent NF-kB activation was observed when cells were infected with non-flagellated S. typhimurium strains ( Supplementary Fig. 2h ), suggesting that flagella were responsible for the background levels of NF-kB activation elicited by the mutant lacking proinflammatory effector proteins (sipA sopE sopB sopE2 mutant) ( Fig. 1a ).
We next investigated whether NOD1 and/or NOD2 were required for SopE-dependent NF-kB activation by transfecting HEK293 cells with plasmids encoding dominant-negative forms of NOD1 (NOD1(DN)), NOD2 (NOD2(DN)) or RIP2 (RIP2(DN)) 12 . In control experiments, expression of NOD1(DN) or RIP2(DN) inhibited NF-kB activation elicited by stimulation with the NOD1 ligand C12-iE-DAP ( Supplementary Fig. 3a ), whereas expression of NOD2(DN) or RIP2(DN) inhibited NF-kB activation elicited by stimulation with the NOD2 ligand muramyl dipeptide (MDP) ( Supplementary Fig. 3b ). Transfection of HEK293 cells with NOD1(DN) or RIP2(DN) inhibited NF-kB activation elicited by ectopic expression of GFP-SopE (P , 0.05; Fig. 1b and Supplementary Fig. 3c ). By contrast, transfection with NOD2(DN) did not reduce GFP-SopE-induced NF-kB activation.
To investigate further whether NOD1 is required for SopE-dependent NF-kB activation, we silenced NOD1 expression in HEK293 cells with short interfering RNA (siRNA). In a control experiment, NOD1specific siRNA inhibited NF-kB activation elicited with C12-iE-DAP, but did not affect responses elicited by MDP or flagellin (Supplementary Fig. 3d ). Notably, NOD1-specific siRNA significantly (P , 0.05) reduced NF-kB activation elicited through bacterial delivery of SopE by flagellated ( Fig. 1c ) or non-flagellated ( Supplementary Fig. 3e ) S. typhimurium strains. To investigate further whether NOD1 and RIP2 were required for SopE-dependent NF-kB activation, we silenced NOD1 and RIP2 expression in cells ectopically expressing SopE. In a control experiment, RIP2-specific siRNA inhibited NF-kB activation elicited by C12-iE-DAP and MDP, but not by flagellin ( Supplementary  Fig. 3d ). Remarkably, NOD1-specific siRNA and RIP2-specific siRNA inhibited NF-kB activation elicited by ectopic expression of GFP-SopE (P , 0.05; Fig. 1d ). Inhibition of NF-kB activation by NOD1(DN), RIP2(DN), NOD1-specific siRNA or RIP2-specific siRNA could be overcome when large quantities (100 ng) of the plasmid encoding GFP-SopE were used for transfection ( Supplementary Fig. 4a , b), which resulted in cells lifting off from wells ( Supplementary Fig. 4c ). These effects might explain why a contribution of RIP2 to SopEinduced host cell responses was missed in a previous study 7 . Collectively, our data indicate that SopE-mediated NF-kB activation requires both NOD1 and RIP2 activity.
To test the biological relevance of our observations, we determined the role of NOD1 in SopE-mediated inflammation in vivo using the mouse colitis model of S. typhimurium infection 22 . To restrict our analysis to SopE-mediated mechanisms of inflammation, we compared a S. typhimurium strain producing only SopE (sipA sopB sopE2 mutant) with an isogenic SopE-deficient mutant (sipA sopE sopB sopE2 mutant). Remarkably, the SopE-proficient S. typhimurium strain triggered caecal inflammation in wild-type littermates, but not in NOD1deficient mice (Fig. 1e, f and Supplementary Fig. 5a ). By contrast, a SopE-deficient mutant did not elicit marked caecal inflammation, although the strain was recovered from the caecum in numbers similar to those of the SopE-proficient strain ( Supplementary Fig. 5b ). Thus, a SopE-proficient S. typhimurium strain required NOD1 for eliciting intestinal inflammation in vivo.
Because SopE-mediated NF-kB activation was both RAC1-dependent ( Supplementary Fig. 2d ) and NOD1-dependent ( Fig. 1) , we investigated whether NOD1 senses the activation state of RAC1 (Fig. 2) . HEK293 cells were transfected with a plasmid encoding a RAC1 derivative carrying an amino acid substitution (Q61L) that abrogates its GTPase activity, resulting in a constitutively active, GTP-bound form of RAC1 (RAC1(CA)) 13 . Expression of RAC1(CA) induced NF-kB activation, which could be blunted by expressing NOD1(DN) or RIP2(DN) ( Fig. 2a and Supplementary Fig. 6a ). Similarly, introducing siRNA specific for NOD1 or RIP2 blunted NF-kB activation induced by RAC1(CA) (Fig. 2b) . Notably, constitutively active forms of CDC24 (CDC42(CA)) and RHOA (RHOA(CA)) also induced NF-kB activation in a NOD1-and RIP2-dependent manner (Fig. 2c, d and Supplementary Fig. 6a ), suggesting that the NOD1 signalling pathway senses the activation of several small Rho GTPases. An intact membrane anchor of active RAC1 was important for NF-kB activation, because a GTP-bound form of RAC1 lacking its prenyl group (RAC1((CAp)) 23 did not activate NF-kB, and a dominant-negative form of RAC1 lacking its prenyl-group (RAC1(DNp)) was no longer capable of inhibiting SopE-induced NF-kB activation ( Fig. 2e and Supplementary Fig. 6b ). Together, these data suggested that NOD1 detects bacterial-induced activation of small Rho GTPases in host cells.
Because NOD1 is known to sense the presence of Gram-negative peptidoglycan in the cytosol 20 , we wanted to investigate whether detecting this pattern of pathogenesis required small Rho GTPases. When we transfected HEK293 cells with increasing amounts of plasmid encoding GPF-SopE and stimulated them with different concentrations of C12-iE-DAP, the effects on NF-kB activation were additive, not synergistic (Fig. 2f) . Similarly, RAC1(CA) and C12-iE-DAP did not synergize in inducing NF-kB activation ( Supplementary Fig. 7) . Remarkably, NF-kB activation elicited by treatment of cells with C12-iE-DAP was blunted when cells were transfected with RAC1(DN), but not with CDC42(DN) (Fig. 2g) . By contrast, NF-kB activation elicited by treatment of cells with flagellin was not affected by transfection with RAC1(DN) or CDC42(DN). In summary, our data indicate that NOD1 detects peptidoglycan as a pattern of pathogenesis by sensing the activation state of RAC1.
To investigate a possible interaction of NOD1 with SopE and small Rho GTPases we performed confocal microscopy with HEK293 cells ectopically expressing haemagglutinin-tagged SopE (SopE-HA) (Fig. 3) . Expression of SopE-HA resulted in the formation of membrane ruffles LETTER RESEARCH and the recruitment of endogenous NOD1, which was detected with an anti-NOD1 antibody (Fig. 3a) . By contrast, a SopE derivative carrying an amino acid substitution that prevents activation of RAC1 and CDC42 (SopE(G168A)-HA) did not induce the formation of membrane ruffles and no co-localization with endogenous NOD1 was observed (Fig. 3b ). Endogenous RAC1, which was detected with an anti-RAC1 antibody, also co-localized with SopE-HA in membrane ruffles (Fig. 3c ). When HEK293 cells expressing Flag-tagged NOD1 (Flag-NOD1) were co-transfected with plasmids encoding either MYCtagged RAC1 (MYC-RAC1) or MYC-CDC42, a monoclonal anti-Flag antibody co-immunoprecipitated MYC-RAC1 and MYC-CDC42 ( Fig. 3d ), suggesting that NOD1 is present in a protein complex containing these small Rho GTPases. Further analysis of immunoprecipitates by mass spectrometry identified HSP90 (also known as HSP90AB1) as a possible component of NOD1-containing multiprotein complexes ( Supplementary Table 1 ). To confirm this interaction, cells expressing Flag-NOD1 and GFP-SopE were immunoprecipitated with a monoclonal anti-Flag antibody. GFP-SopE and endogenous cellular HSP90 were detected in the immunoprecipitate (Fig. 3e ). Furthermore, endogenous HSP90 co-localized with SopE-HA in membrane ruffles (Fig. 3f ). To investigate whether the presence of HSP90 is required for signalling, we abolished HSP90 activity in HEK293 cells by treatment with the specific HSP90 inhibitor geldanamycin. Geldanamycin treatment inhibited NF-kB activation elicited by stimulation with C12-iE-DAP and MDP, but did not significantly reduce NF-kB activation induced by flagellin ( Fig. 3g ). Furthermore, treatment of HEK293 cells with geldanamycin significantly reduced NF-kB activation elicited by bacterial delivery of SopE (that is, infection with a sipA sopB sopE2 mutant) (P , 0.05; Supplementary Fig. 8 ).
We conclude that a multiprotein complex composed of small Rho GTPases, HSP90 and NOD1 responds to pathogens gaining cytosolic access by activating NF-kB ( Supplementary Fig. 1 ). Escape of pathogens (for example, Shigella flexneri) from the phagosome introduces peptidoglycan fragments into the cytosol 20 and our data indicate that a complex composed of active RAC1, HSP90 and NOD1 detects this pattern of pathogenesis. In addition, pathogens commonly manipulate the actin cytoskeleton of host cells by injecting proteins into the cytosol that alter the activity of small Rho GTPases 15, 24 . Here it is shown that activation of small Rho GTPases by a bacterial virulence factor is a second pattern of pathogenesis detected through the NOD1 signalling pathway in mammalian cells. Alternatively, manipulation of small Rho GTPases by effector proteins could be viewed as a mechanism through which pathogens manipulate host responses to gain a growth advantage 25 . Effector-triggered immune responses of invertebrates might represent an interesting parallel, because activation of the small Rho GTPase RAC2 in Drosophila by a bacterial toxin leads to activation of the innate immune adaptor IMD, which shares homology to the mammalian RIP1 (RIPK1) protein 26 . RIP1 and RIP2 are important activators of NF-kB in response to cellular stress in mammals. RIP2 binds the caspase-recruitment domains of NOD1 and NOD2 to initiate NF-kB activation 27 . Our data indicate that NOD1 interacts with proteins in addition to RIP2, because this PRR was present in a multiprotein complex that contained a bacterial effector (SopE), small Rho GTPases and HSP90. The term 'nodosome' has been proposed for mammalian NOD1-and/or NOD2-containing protein complexes functioning in NF-kB activation 28 . RHOA has previously been implicated in NOD1-dependent NF-kB activation induced by the S. flexneri effector protein OspB; however, this small Rho GTPase was proposed to act downstream of NOD1 (ref. 29) . The finding that NOD1 senses the activation state of small Rho GTPases acting upstream in the signalling cascade ( Supplementary Fig. 1) considerably changes our understanding of the mechanisms that trigger this signalling pathway.
METHODS SUMMARY
Transfections. Transfections were performed using FuGENE HD (Roche) according to the manufacturer's instructions. Forty-eight hours after transfection, cells were lysed either without any treatment, or infected with the indicated bacterial strains or the NOD1, NOD2 and TLR5 ligands with or without pretreatment (30 min) of the cells with the inhibitors (10 mM SB203580 and 100 nM geldanamycin; InvivoGen). The cells were infected with the indicated S. typhimurium strains (10 6 colony-forming units (c.f.u.) ml 21 ) for 1 h, after which the cells were washed with Dulbecco's phosphate-buffered saline and incubated at 37 uC for an additional 4 h in the presence of Dulbecco's modified Eagle's medium (DMEM) containing 10% FCS. After 5 h of treatment the cells were lysed and analysed for b-galactosidase activity and luciferase activity 12 . Animal experiments. All mouse experiments were approved by the Institutional Animal Care and Use Committees at the University of California, Davis. Nod1 1/2 Nod2 1/2 (wild-type littermates, n 5 8) and Nod1 2/2 Nod2 1/2 (NOD1deficient, n 5 8) streptomycin-pretreated mice were orally inoculated with 0.1 ml sterile Luria-Bertani (LB) broth or 1 3 10 9 c.f.u. (in 0.1 ml LB broth) of a S. typhimurium sipA sopE sopB sopE2 or a sipA sopB sopE2 mutant. Caecal contents and tissues were collected 24 h after infection for further analysis. Fluorescence microscopy. HeLa cells transiently transfected with expression plasmids were fixed with 3% paraformaldehyde as described previously 12 . Cells were incubated with mouse anti-HA (Covance) and rabbit anti-NOD1, rabbit anti-HSP90 (Cell Signaling) or rabbit anti-RAC1 (Fisher). Cells were incubated with Alexa fluor 647 goat anti-mouse IgG and Alexa fluor 488 goat anti-rabbit IgG (Invitrogen). Samples were embedded in FluorSave (Calbiochem) and analysed with a LSM700 Confocal Microscope. Statistical analysis. Statistical differences were calculated using a paired Student's t-test. To determine the statistically significant differences in the total histopathology scores, a Mann-Whitney U-test was used. A two-tailed P , 0.05 was considered to be significant.
